A fundamental goal in biology is to gain a quantitative understanding of how appropriate cell responses are achieved amid conflicting signals that work in parallel. Through live, single-cell imaging, we monitored both the dynamics of nuclear factor kB (NF-kB) signaling and inflammatory cytokine transcription in macrophages exposed to the bacterial product lipopolysaccharide (LPS). Our analysis revealed a previously uncharacterized positive feedback loop involving induction of the expression of Rela, which encodes the RelA (p65) NF-kB subunit. This positive feedback loop rewired the regulatory network when cells were exposed to LPS above a distinct concentration. Paradoxically, this rewiring of NF-kB signaling in macrophages (a myeloid cell type) required the transcription factor Ikaros, which promotes the development of lymphoid cells. Mathematical modeling and experimental validation showed that the RelA positive feedback overcame existing negative feedback loops and enabled cells to discriminate between different concentrations of LPS to mount an effective innate immune response only at higher concentrations. We suggest that this switching in the relative dominance of feedback loops ("feedback dominance switching") may be a general mechanism in immune cells to integrate opposing feedback on a key transcriptional regulator and to set a response threshold for the host.
INTRODUCTION
Microbe sensing and subsequent responses by innate immune cells exemplify a physiological event in which a cell receives a signal, processes the relevant information encoded, and makes fateful decisions. Macrophages provide a first line of defense against Gram-negative bacteria by recognizing the microbial product lipopolysaccharide (LPS) as a conserved pathogen-associated molecular pattern through Toll-like receptor 4 (TLR4) (1) (2) (3) . The stimulation of TLR4 with LPS leads to the activation of a complex signaling network involving the adaptor proteins myeloid differentiation marker 88 (MyD88) and Toll-interleukin-1 receptor (TIR) domain-containing adaptor-inducing interferon-b (TRIF); the activation of transcription factors, such as nuclear factor kB (NF-kB), activator protein 1 (AP-1), and interferon regulatory factors (IRFs); and induction of the expression of genes that encode cytokines, such as tumor necrosis factor-a (TNF-a) and type I interferons (IFNs), as well as their secretion (4) .
The complexity of early and late signaling cascades and genetic networks and the induction of feedback loops pose a great challenge to our understanding of how macrophages resolve concurrently activated opposing signals to achieve an appropriate host response. In particular, the expression of multiple genes encoding feedback components is directly induced after the initial activation of NF-kB by inhibitor of NF-kB (IkB) kinase (IKK)-mediated degradation of IkB proteins (5) . Most notably, members of the IkB family of proteins provide potent negative feedback, such that a delayed resynthesis of IkB proteins forms the basis for the oscillatory activity of NF-kB (6, 7) . Previous studies of the NF-kB regulatory network have focused on these negative feedback mechanisms (8) (9) (10) and have not considered the signal-processing consequences that arise from the integration of positive and negative feedback loops. Moreover, although single-cell studies have demonstrated that true signaling dynamics are often masked by population-based methods (6, 7, (11) (12) (13) (14) (15) , NF-kB signaling dynamics have not been examined in any immune cells at the single-cell level, and no previous studies have addressed both NF-kB dynamics and consequent transcriptional output in the same cells.
Here, we characterized both the dynamics of NF-kB signaling and the transcriptional output from a Tnf promoter in individual macrophages, which are critical effector cells of innate immunity. We found that the LPS-induced NF-kB dynamics in these cells are markedly different from the previously reported patterns measured in nonimmune cells. Through quantitative live-cell imaging and analysis, we discovered that macrophages are capable of interpreting the concentration of LPS through analog, single-cell responses to variations in dose. Closely linked to this behavior was a previously uncharacterized positive feedback mechanism on a gene encoding NF-kB itself. Namely, we characterized Rela, which encodes the key transactivation subunit RelA (also known as p65), as an NF-kB target gene in macrophages. Through mathematical modeling, genome-wide small interfering RNA (siRNA) screening, and expression profiling, we identified the transcription factor Ikaros as a key requirement for the activation of the NF-kB positive feedback mechanism in response to a distinct concentration of LPS, which we describe as "feedback dominance switching." This switching coincided with the transition point to the activation of an effective antibacterial transcriptional program. Our findings underscore the complexity of long-term signaling and transcriptional dynamics in single cells, and provide insight into how innate immune cells can sense a critical †These authors contributed equally to this work.
dose of LPS and mount a decisive response despite the presence of opposing feedback mechanisms.
RESULTS
Live-cell imaging of a dual reporter clone reveals longer-term signaling dynamics and gene expression kinetics in single macrophages
To monitor real-time NF-kB signaling dynamics in immune cells, we generated a macrophage cell line that expresses an endogenous Rela promoter-driven fusion of enhanced green fluorescent protein (EGFP) and RelA (EGFP-RelA) together with a Tnf promoter-driven fast-degrading mCherry fluorescent protein. This reporter cell clone enables visualization of both NF-kB nuclear translocation and the regulation of a key NF-kB target gene in live cells (Fig. 1A and  fig. S1 ). In response to LPS (10 ng/ml), most cells showed maximal nuclear translocation of NF-kB by 1 hour, which was followed by a decrease within 5 hours ( Fig. 1 and movies S1 to S3). After this initial phase, individual cells had varying degrees of subsequent nuclear localization of NF-kB. These kinetics of NF-kB signaling are different from the previously characterized short-lived responses observed in LPS-treated fibroblasts or the oscillatory dynamics observed in response to cytokines (6, 7, 13) . This suggests that previous models of NF-kB dynamics may not apply directly to LPS signaling in macrophages, a physiologically relevant model for innate immune activation by pathogenic stimuli. The Tnf promoter-driven expression of mCherry was induced by LPS as expected and was sustained for several hours ( Fig. 1C and fig. S1D ). The short half-life of mCherry caused by the presence of the PEST motif enabled us to estimate the synthesis rate of the Tnf promoter-driven mCherry reporter from the observed net fluorescence ( fig. S2A , and see Materials and Methods).
From an initial analysis, the correlation between the extent of mCherry synthesis and the nuclear abundance of EGFP-RelA at any fixed time point was low ( fig. S2B ), which suggested that additional aspects of NF-kB signaling and the reporter response needed to be considered.
The response to varying concentrations of LPS is analog
To determine how LPS signaling information was processed through NF-kB dynamics, we varied the dose of LPS within a physiological range and examined the characteristics of the single-cell responses ( Fig. 2A,   fig. S3 , and movies S3 to S7). Consistent with an analog response, nearly all of the cells underwent the first phase of NF-kB activation in response to all of the doses of LPS tested (Fig. 2B) , which was in contrast to the digital response observed in nonimmune cells in which only a fraction of cells respond to low concentrations of cytokine (14) . The time to the first peak of NF-kB nuclear localization shortened gradually with increasing concentrations of LPS, as expected (Fig. 2C) ; however, the maximal nuclear EGFP-RelA intensity and the duration of the first phase S1 ). (B and C) Time-lapse images taken of the RAW264.7 dual reporter cell clone at the specified times after treatment with LPS (10 ng/ml). Four cells that are marked were tracked over time. A designated color is used to match each cell and its quantified time series between (B) and (C). (C) Quantification of EGFP fluorescence and the estimated extent of mCherry synthesis from the cells shown in (B) (see Materials and Methods and fig. S2 ). The time-lapse data in (B) and (C) are taken from movie S3. Scale bar, 10 mm. a.u., arbitrary units.
were similar for all but the lowest dose of LPS (Fig. 2, D and E) . Moreover, the correlation between the activity of the Tnf:mCherry reporter and the dynamics of NF-kB nuclear translocation was low (Fig. 2F, left) . The single cells treated with high concentrations of LPS (above the diagonal, with increased mCherry synthesis but with a low area under the nuclear/total curve) contributed to the poor correlation. A closer examination revealed that these individual cells sustained high EGFP-RelA abundance in the nucleus even when the relative ratio of nuclear EGFP-RelA to total cellular EGFP-RelA returned to that of unstimulated cells (Fig. 2G and fig. S4 ). This unexpected observation was attributable to an increase in the total cellular EGFP-RelA fluorescence beyond a threshold dose of LPS (Fig. 2H and fig. S5 ). This threshold dose was higher than that required for maximal peak height and duration (Fig. 2, D and E) . As a consequence of the increase in EGFP-RelA abundance, the nuclear translocation dynamics diverged from the dynamics of the nuclear intensity in these cells ( fig. S4) .
We therefore considered a large number of kinetic measurements from singlecell imaging and determined the most informative feature that explained reporter output by partial least squares regression. This analysis revealed that "RelA nuclear occupancy," which represents the activity of nuclear NF-kB integrated over time and reflects the EGFP-RelA abundance, was the best determinant of reporter activity (Fig. 2F, right, and fig. S6 ). Indeed, the correlation between NF-kB nuclear occupancy and Tnf promoter-driven reporter output was substantial at the single-cell level, despite the stochastic nature of gene expression (16, 17) and other transcription factors that regulate gene expression downstream of TLR4 (4, (18) (19) (20) (21) (22) (23) . This finding highlights a central regulatory function for NF-kB in Tnf expression in macrophages, and suggests that the increased abundance of RelA is linked to the tight control of gene expression by NF-kB.
The increase in RelA abundance above a threshold dose of LPS constitutes a previously uncharacterized positive feedback loop that promotes a functional response
The increase in the abundance of EGFPRelA that we observed was unexpected, because the amount of RelA protein is thought to be cell type-specific but invariant in response to stimuli. Given that the genes encoding all of the other members of the NF-kB family, except Rela, are direct target genes of NF-kB (5, 18), we tested whether the endogenous Rela locus was also inducible. We found that the amounts of RelA mRNA and protein were indeed increased not only in our macrophage cell line but also in primary bone marrow-derived macrophages (BMDMs) by LPS or by the purified TLR4 ligand Kdo2-Lipid A, specifically at high doses (Fig. 3, A to D, and fig. S7A ). Moreover, the RelA subunit of NF-kB bound to the Rela promoter as determined by chromatin immunoprecipitation (ChIP) assay ( fig. S7 , B and C). The inclusion of this endogenous binding site in our construct (Fig. 1A and fig. S1A ) likely enabled the similar regulation of EGFP-RelA abundance by NF-kB. A previously developed reporter clone expressing EGFP-RelA driven by a constitutive Ubc (ubiquitin c) promoter does not exhibit an LPS-dependent increase in EGFP abundance (24) . These data suggest that Rela is a direct NF-kB target gene and that RelA abundance is increased by NF-kB signaling in LPS-stimulated macrophages. This constitutes a previously unappreciated positive feedback loop, and we propose that this mechanism of positive feedback counteracts the well-known negative feedback loops that regulate NF-kB signaling to promote the sustained nuclear occupancy of NF-kB in response to higher doses of LPS.
Noting the switch-like onset of RelA induction at a distinct dose of LPS ( Fig. 2H ), we then sought to determine what distinguished between the macrophage response regimes above and below this threshold. To evaluate the functional importance of this LPS dose threshold, we performed expression microarray analysis of primary macrophages stimulated with increasing concentrations of LPS. From the gene expression profiles, we identified two gene sets based on whether their expression was induced by both low and high doses of LPS or specifically by the higher LPS dose (Fig. 3 , E and F). Although substantially more genes were induced specifically in response to the higher dose of LPS (738 versus 244), only a small number of gene ontology (GO) categories were enriched in this set (Fig. 3 , E and F, and fig. S8 ). This response to high-dose LPS coincided with a shift toward the dominance of positive feedback, which may have been sufficient to override the negative feedback from numerous genes, including those encoding IkBa, IkBe, and A20 ( fig. S9) . Notably, the gene classes enriched for high-dose LPS are more functionally coherent and consistent with a robust antibacterial macrophage response, whereas the genes induced by both high and low doses of LPS have opposing functions (figs. S8 and S9A). These patterns suggest that the LPS dose threshold may represent the transition point at which macrophages resolve opposing feedback signals to mount a decisive immune response.
Switching of feedback dominance enhances the ability of cells to discriminate between different doses of LPS
Next, we incorporated the newly characterized positive feedback loop into a mathematical model of LPS-induced NF-kB dynamics to explore its quantitative effect. The increase in RelA abundance was represented as a delayed synthesis process that depended on both the concentration of LPS and the amount of NF-kB in the nucleus (Fig. 4A ). The simulations revealed that, as the LPS dose increased, the presence of the positive feedback loop counteracted the negative feedback loops provided by IkBs (despite a concomitant increase in their induction rates) and enabled a more sustained response, in agreement with the imaging data (Fig. 4B) . Consequently, the integrated activity of NF-kB over the signaling time course distinguished between the different doses of LPS more efficiently, especially through differential late-stage activity (Fig. 4 , B and C). Our modeling result suggests that the dose-dependent activation of positive feedback facilitates a much greater dynamic range of NF-kB signaling across different doses of LPS. This result and the dose-sensitive transcriptional program suggest a role for the RelA positive feedback loop in the discrimination between different concentrations of LPS and the subsequent functional response.
Another consequence of a functionally important positive feedback loop is often exhibited as hysteresis, a phenomenon in which the response to a given dose depends on the past history of stimulation (Fig. 5A) . We tested for the presence of hysteresis in LPS-induced responses first by mathematical modeling and then by experimentation. When we simulated dose responses separately for different dose trajectories with the mathematical model that we described earlier, we observed hysteresis (Fig. 5B) . To evaluate this experimentally, we treated RAW264.7 cells with either a high or a low concentration of LPS and then we subsequently switched the dose of LPS to various concentrations (Fig. 5C ). For a response readout, we measured the abundances of transcripts of the innate immune genes Ifit3, Ifih1, and Il18. Previous exposure of cells to the high concentration of LPS elicited substantially higher transcriptional output than was observed in cells that were treated with a low dose of LPS (Fig. 5D) . We confirmed the rapid turnover of mRNAs to validate the use of transcript abundance as a response readout. Thus, the hysteresis that we predicted by modeling was also experimentally validated, which lends additional support to the functionality of positive feedback in the system.
The LPS dose-specific positive feedback loop and transcriptional response require Ikaros
The dose dependency of the RelA induction suggested the involvement of an unknown factor that might be activated specifically by high doses of LPS to enable the transcriptional induction of Rela in macrophages. In the course of a genome-wide siRNA screen using the same cell line, we identified genes whose knockdown perturbed both LPS-induced EGFP-RelA expression and Tnf reporter activity. Hypothesizing that this unknown factor might also be among our list of genes specifically induced in primary macrophages by a high dose of LPS (Fig. 3E) , we overlapped genes from these two genome-scale analyses. This led to the identification of Ikaros (Ikzf1) as a candidate transcription factor involved in the induction of Rela expression ( fig. S10 ). Indeed, we used ChIP assays to detect the binding of Ikaros to the Rela promoter in response to a high dose of LPS (Fig. 6A) . Moreover, the LPS-induced increase in Rela mRNA abundance was highly dependent on Ikaros (Fig. 6B) ; thus, we were able to block the positive feedback by knocking down Ikaros with specific siRNA (Fig. 6C) . Through knockdown of Ikaros to remove the RelA positive feedback loop, but not the constitutive expression of RelA, we then assessed how the dose-dependent expression of LPS-responsive genes was altered in the absence of the positive feedback, amid numerous other induced gene products that have positive and negative effects on NF-kB signaling (25) . As predicted by the mathematical model (Fig. 4C , left), LPS dose discrimination by the macrophages was substantially hampered for a series of innate immune response genes in the absence of the positive feedback loop (Fig. 6D) . We next tested how the increase in RelA abundance was affected in primary macrophages derived from a homozygous Ikaros-deficient mouse (26) . We found that the LPS dose-dependent increase in RelA abundance occurred only in primary macrophages from a wild-type mouse (littermate control), but not in those from an Ikarosdeficient mouse (Fig. 6 , E to G). Moreover, the induction of innate immune genes in response to a high dose of LPS was markedly attenuated in the absence of Ikaros (Fig. 6H) . We found that Ikaros protein is present in unstimulated macrophages (Fig. 6E and fig. S10D ). This basal abundance appears to be important for the regulation of macrophage gene expression, as evident from the effects of knockdown of Ikaros on transcription in cells treated with a low dose of LPS (Fig. 6D) . Both the basal and induced expression of Ikaros might play roles in the LPS dose-dependent activation of Rela (fig. S10E ). Basal amounts of Ikaros did not support Rela induction in response to a low dose of LPS, possibly because the lower nuclear occupancy of NF-kB might not support the amplitude or the duration of NF-kB activity that is necessary for cooperation with Ikaros on target sites. Examination of the cooperation between Ikaros and NF-kB in innate immune cells will be an important topic for further investigation.
DISCUSSION
The NF-kB signaling network has been a paradigm for a broadly conserved cellular signaling pathway model involving transcription factor activation, induction of gene transcription, and negative feedback regulation. The generation of knockout mice for each of the components of the NF-kB family and the consequent availability of fibroblast cell lines from single and combined knockout animals have fueled the generation of mathematical models of stimulus-dependent NF-kB activation dynamics (27) . Subsequent single-cell analyses of NF-kB dynamics have led to a model of oscillatory behavior at the single-cell level (6, 7, 14) . Studies with fibroblasts and neuroblasts have suggested a digital NF-kB activation phenomenon in which increasing fractions of cells in a population respond stochastically to increasing concentrations of cytokines (14, 28) .
Despite the central role played by the NF-kB system in the function of almost all hematopoietic cell lineages, we are not aware of any single-cell studies describing NF-kB activation dynamics in live immune cells responding to an immune challenge. With a dual reporter system in a macrophage cell line, we characterized live-cell, LPSinduced NF-kB dynamics and their correlation with inflammatory cytokine gene output at the single-cell level. We found that individual macrophages exhibit analog responses to different doses of LPS, in contrast to the digital responses previously observed in cytokine-treated nonimmune cells (14, 28) . The coupled transcriptional readout in our reporter cells enabled us to determine which characteristics of the analog NF-kB dynamics are predictive of TNF-a synthesis in macrophages, a hallmark of numerous inflammatory and malignant diseases (29) . Unexpectedly, TNF-a output was poorly correlated with NF-kB dynamics when the latter were calculated in terms of the ratio of nuclear NF-kB abundance to total NF-kB abundance, or with single-time snapshot measurements of NF-kB activation. Rather, the key determinant of the macrophage transcriptional response was identified by an unbiased regression analysis to be the nuclear occupancy of NF-kB integrated over the entire time course of a pathogenic stimulation.
Sustained nuclear occupancy of NF-kB occurred only with higher doses of LPS, and was not a result of insufficient negative feedback, but, surprisingly, through the induction of Rela expression. The self- , and Il18 mRNAs were evaluated by quantitative RT-PCR analysis and were normalized to those of untreated control cells. The arrows labeled "a" and "b" correspond to the arrows in (A). The sample labeled "mRNA turnover control" was collected with a longer waiting time after removing the high dose of LPS. The decrease from the "b" samples observed in this control shows that the maintenance of increased amounts of mRNA in group "b" were not a result of the stability of the mRNAs. Data are means ± SD and are representative of two independent experiments. Untr, untreated; low, low dose of LPS; high, high dose of LPS. Ikzf1 amplification of NF-kB that we describe is a previously uncharacterized positive feedback loop that may be relevant in other immune cells. Mathematical modeling suggested an unknown event elicited specifically by a high dose of LPS that activates the positive feedback. Through a combination of data from genome-wide siRNA screening and transcriptional profiling, we identified Ikaros, a transcription factor known for promoting lymphoid cell development (30) but not previously implicated in innate immune responses, as a relevant factor. We found that Ikaros is critical both for the RelA positive feedback mechanism and for a robust macrophage response to LPS. It is notable that Ikaros, a non-NF-kB component, drives the rewiring of the NF-kB network, suggesting its potential as a therapeutic target that has less pleiotropic effects for inflammatory diseases compared to steroids or NF-kB inhibitors.
The RelA positive feedback loop is engaged at a distinct dose of LPS and becomes dominant over the multiple negative feedback loops in NF-kB signaling. This NF-kB feedback dominance switching provides a mechanism for the robust discrimination of ligand doses, despite the limited information-coding capacity of signaling networks (31) . Such discrimination ensures a full antibacterial macrophage response only against critical doses of LPS (Fig. 7) . It will be interesting in the future to examine which features of the signaling dynamics are shared across different sources of LPS (32) and other TLR ligands. Analog information processing and feedback dominance switching may also be important in other cell types that require accurate single-cell-level decision-making to mount functional responses to specific signals.
MATERIALS AND METHODS

Generation of the dual reporter cell line
The lentiviral construct pFUW-p65P-GFPp65, containing the Rela promoter driving the expression of EGFP-RelA, was provided by M. Covert (Stanford University). The plasmid pcDNA3-mTNFaP-mCherry-PEST, containing the murine Tnf promoter (−1229 to −27) driving the expression of mCherry fused to a destabilizing PEST sequence, was provided by C. Branda (Sandia National Laboratory). A fragment containing the Tnf promoter-mCherry-PEST cassette and a bovine growth hormone (BGH) polyA sequence was excised from pcDNA3-mTNFaP-mCherry-PEST with Bam HI and Sph I, treated with T4 DNA polymerase, and inserted into the pFUWp65p-GFPp65 plasmid at the Pac I site. Recombinants were screened for the reverse orientation of the TNF-a promoter-mCherry-PEST-polyA cassette relative to the Rela expression cassette (fig. S1 ). Lentiviral particles were generated and used to infect RAW264.7 cells as previously described (33) . Infected cells were cultured for 5 days and then were sorted for GFP-containing (GFP + ) cells. Singlecell clones were expanded in number and screened for consistent nuclear translocation of EGFP-RelA and increases in mCherry abundance in response to LPS (10 ng/ml) through live-cell assays. A single clone (G9) was chosen for all subsequent experiments. 
Western blotting
CelLytic M lysis buffer (Sigma) supplemented with proteinase inhibitor cocktail (Sigma) was used to extract total protein from RAW264.7 cells (200 ml of lysis buffer for about 2 × 10 5 cells). BMDM protein lysates were prepared with radioimmunoprecipitation assay buffer (Sigma; R0278) containing proteinase and phosphatase inhibitor cocktail (Roche) (80 ml of lysis buffer for about 1 × 10 6 cells). Samples (10 mg of protein for RAW264.7 cells, 25 mg for BMDMs) were denatured with 4× LDS (lithium dodecyl sulfate) sampling buffer (Invitrogen) at 70°C for 10 min, resolved by SDSpolyacrylamide gel electrophoresis with a 4 to 12% bis-tris gel/Mops running buffer system, and then analyzed by Western blotting according to a standard protocol. The antibodies and dilutions used are as follows: rabbit polyclonal anti-RelA antibody (Abcam; 1:20,000), rabbit polyclonal anti-GAPDH antibody (Sigma; 1:20,000), horseradish peroxidase (HRP)-conjugated goat antirabbit antibody (Jackson ImmunoResearch; 1:10,000), mouse anti-RhoGDI antibody (BD Biosciences; 1:200,000), and HRP-conjugated donkey antimouse antibody (GE Healthcare; 1:10,000).
Quantitative RT-PCR analysis
Total RNA was isolated from about 6.4 × 10 5 cells with an RNeasy Mini Kit (Qiagen). Quantitative RT-PCR analyses were performed with the iScript cDNA kit (Bio-Rad) and Solaris qPCR gene-specific probe sets Fig. 7 . Switching of feedback dominance enables macrophages to discriminate between different doses of LPS. Models illustrate how the rewiring of the NF-kB regulatory circuit at a critical dose of LPS is proposed to elicit a full innate immune response. Below a critical dose of LPS, the induction of genes whose products mediate predominantly negative feedback mechanisms and of genes with conflicting functional consequences prevents a coherent immune response in macrophages. Above a critical dose of LPS, however, the Ikaros-dependent increase in NF-kB abundance becomes a dominant feedback loop, which overcomes the various negative feedback loops and promotes a complete innate immune response.
and master mix (Thermo Fisher) with a Mastercycler realplex4 real-time PCR detection system (Eppendorf), according to the manufacturers' protocols. The abundances of the mRNAs of interest in each sample were normalized to that of b-actin mRNA, and fold changes in target mRNAs relative to their basal abundances were calculated by the 2 −DDCt method.
Chromatin immunoprecipitation-quantitative PCR
Chromatin was isolated from about 2 × 10 7 cells and then processed as follows. The lysis buffer to shear the chromatin contained 1% SDS, 10 mM EDTA (pH 8), 50 mM tris-HCl (pH 8), and proteinase inhibitor cocktail. Sonication was performed to shear the chromatin to generate DNA fragments with a size range of 400 to 500 base pairs. The sheared chromatin samples were diluted 1:10 in dilution buffer [0.01% SDS, 1.1% Triton-X, 1.2 mM EDTA (pH 8), 16 .68 mM tris-HCl (pH 8), 167 mM NaCl, and proteinase inhibitor cocktail] and stored at −80°C until required for use. For each ChIP, 500 mg (DNA) of chromatin and 10 ml of a rabbit polyclonal anti-RelA antibody (Abcam) or a goat polyclonal anti-Ikaros antibody (Santa Cruz Biotechnology) were used. The ChIP products were subjected to qPCR analysis with an IQ SYBR Green Supermix and a MyIQ singlecolor, real-time PCR detection system (Bio-Rad) according to the manufacturers' instructions. DNA mixtures (0.4 mg each) purified from aliquots of each chromatin sample were also subjected to qPCR analysis as input samples, and the results were presented as the ChIP-qPCR measurements normalized to their respective input measurements. The following primers were used for RelA ChIP-qPCR analysis: Rela forward, gtgggaggggcgtaactatt; Rela reverse, ccactatgccagaaggagga; Rela amplicon, chromosome 19, 5636663-5636846; Tnf forward, cttggaggaagtggctgaag; Tnf reverse, gctgagttcattccctctgg; Tnf amplicon, chromosome 17, 35339476-35339598. The following primers were used for Ikaros ChIP-qPCR: Rela forward, ctcatggctctcagggactc; Rela reverse, acgttttcctaagcgtgcag; Rela amplicon, chromosome 19, 5637090-5637282. The negative controls for both the RelA and Ikaros ChIP-qPCR assays were as follows: forward, aggcctgcactaccaaacac; reverse, taatgcccttgcagaagacc; amplicon, chromosome 19, 5636066-5636245. Genomic coordinates of amplicons are in base pairs from the reference genome mm9.
Microarray analysis
BMDMs were treated with LPS (0, 0.1, or 10 ng/ml) for 4 hours. Total RNA was isolated from about 1 × 10 6 cells for each condition with an RNeasy Mini Kit (Qiagen). Each condition was represented by duplicate biological samples. Amplification and labeling of complementary RNA (cRNA) were performed with the Illumina TotalPrep RNA Amplification Kit (Invitrogen), and the cRNAs were hybridized to Illumina MouseRef-8 microarrays according to the manufacturer's instructions. Raw log 2 intensity values were quantile-normalized for subsequent analyses. Gene-specific variability was calculated as the SD of expression values from the unstimulated samples. The 738 high-dose LPS-specific genes were obtained from the 917 microarray probes whose expression increased by more than threefold the SD from the high dose of LPS, but by less than twofold the SD from the low dose of LPS. The 244 dose-independent genes were from the 314 microarray probes whose expression increased by more than twofold the SD from both the high and the low doses of LPS. Heat maps were generated to visualize the probe expression values that were obtained by subtracting the probe-specific duplicate average from unstimulated samples and then dividing by the SD of the probe. GO analysis was performed with the genome version NCBI (National Center for Biotechnology Information) 37 and custom R scripts. NF-kB feedback genes were retrieved by selecting for the GO terms "positive regulation of NF-kB" and "negative regulation of NF-kB," excluding those genes with both GO terms and those genes that encode secreted factors that have indirect autocrine effects.
Time-lapse microscopy
Live imaging of RAW264.7 cells expressing EGFP-p65 and mCherry was performed with a Zeiss LSM 5 Live microscope with an enclosed incubation system in which cells were stably maintained in a humidified atmosphere at 37°C and 5% CO 2 . Time-lapse images were acquired at 8-min intervals with two sequential frames for EGFP and mCherry signals for each stage position with 1.2% of the laser power at 489 nm and 2.4% of the laser power at 561 nm, a 63× Plan-Apochromat oil objective (1.4 numerical aperture), no zoom, and 495-to 555-nm band-pass and 580-nm long-pass filters for EGFP and mCherry, respectively. The pinhole was maximally open, and focus was automatically corrected before each time point by a customized Zeiss Multitime autofocus macro. LPS was added before the second time point by a gentle injection through tubing to achieve the desired final concentration. Acquired LSM files were exported as 16-bit TIFF files for further analysis.
Image quantification and time series analysis
Sixteen-bit image files were segmented, quantified, and tracked with a custom-written MATLAB program that uses its Image Processing toolbox. In each time-lapse field, we excluded from analysis the cells that moved out of view or focus, died, overlapped with other cells, or divided during the time course. Cell boundaries were identified first automatically by intensity thresholding and then by manual correction. Nuclear boundaries were all manually defined. The same cells were tracked from the previous time point by finding cells with the closest cell centroids. Background intensities, estimated for each time point and stage position, were subtracted from all intensity values. We analyzed about 210 cells, typically tracked for 170 time points, from roughly 35,000 nuclear segmentations in total, sampling all of the conditions (LPS doses and replicates). Quantitative features of the EGFP-RelA temporal profiles were calculated as follows. The nuclear occupancy of RelA is the area under the nuclear EGFP intensity curve and above the initial intensity at t = 0. The time to first peak and the duration of the first phase were determined with the nuclear/total EGFP-RelA ratio curve rather than the nuclear intensity, because the nuclear intensity did not decrease appreciably at the end of the first phase in some cells treated with a high dose of LPS. The duration is defined as the difference between the end and the start time points of the first phase, which started when the ratio of nuclear to total EGFP-RelA began to increase and ended when the ratio fell below 1. The time to peak is defined as the moment when the slope of the curve of the ratio of nuclear to total EGFP-RelA was zero over the time window (after the start of the first phase) where the ratio was greater than 1. For the small number of cells with atypical temporal profiles that did not permit such systematic identification, the last time point was assigned to be the end of the first phase, and the time to peak was the end of the first phase. The peak height is the maximal fluorescence intensity of nuclear EGFP during the first phase detected, as described earlier.
The average RelA induction shown in Fig. 2H was calculated as [gfp(last time point) − gfp(first time point)]/(time-lapse duration), where gfp is the mean cellular intensity of EGFP-RelA. All computations were automated with a program written in MATLAB. The synthesis rate of mCherry [S(t)] was inferred from the mCherry intensity profile C(t) by assuming a halflife of~1 hour for mCherry-PEST (34) in the following equation: d/dt C(t) = S(t) − [(log 2)/T] • C(t). Then, S(t) ≈ d/dt C(t) + 0.016 C(t) (a.u./min). Practically, S(t) and C(t) track each other quite closely, albeit in different scales, because of the short half-life imposed by PEST (fig. S2A ). The PEST sequence is a faster degradation variant containing the mutations E428A, E430A, and E431A within the original PEST used in a destabilized EGFP (34) . "Total reporter synthesis" is defined as the area under the curve of the synthesis rate of mCherry.
Partial least squares regression
Single-cell time series data from all doses of LPS were pooled for a partial least squares regression analysis with the function "plsregress" in MATLAB. Eight kinetic variables were calculated for each time series: (i) area under the nuclear/total ratio curve, (ii) RelA nuclear occupancy, (iii) magnitude of the first peak in the nuclear/total ratio curve, (iv) magnitude of the first peak in RelA nuclear intensity, (v) duration of the first peak, (vi) time to reach the first peak, (vii) maximal induction rate of RelA intensity, and (viii) average RelA induction. The total mCherry synthesis was the dependent variable for the regression. Because one or two components were sufficient for predicting the mCherry output, the final regression was performed with two components, and the contributions of the kinetic variables described earlier were computed.
Mathematical modeling
The 14-variable, 23-parameter delay differential equations model was constructed by expanding the core NF-kB network from a previous model that was based on TNF-a-induced dynamics in single mouse embryonic fibroblasts (7) . We added variables and reactions specific to LPS signaling in macrophages and then modified key system parameters to produce time-course profiles that were similar to the quantified live-cell data. Below, we describe these revisions to the model; see Supplementary File 1 for a full model specification (MATLAB M file). Briefly, the 9-variable, 18-parameter equations in our previous report (7) represent the conserved minimal regulatory module containing NF-kB, IkBa, and IKK and their protein-protein interactions, kinase activities, degradation, inducible synthesis of IkBa, and nucleocytoplasmic shuttling. Despite extensive parameter variations, none of the eight temporal patterns generated by this model resemble the LPS-induced dynamics seen in macrophages. This indicated that the simple model was insufficient to explain the current data, and that major modifications were necessary. Modeling LPS signaling upstream of IKK is challenging because of a lack of quantitative data on the temporal profile of the kinase activity in this context. Therefore, we incorporated the best-understood TLR4 adaptor pathways, MyD88 and TRIF, which are activated at different times after treatment with LPS (13, 35) . The rate of IKK activation after LPS stimulation at t = 0 has two corresponding components: a sharp Gaussian (s = 5 min) at t = 0 from the MyD88 signal, and a slower, delayed Gaussian (s = 20 min) at t = 80 min from the TRIF signal. The values were calibrated to achieve a qualitative agreement with the imaging data. We did not include the TNF-a autocrine feedback that was observed to have a role in LPS signaling in fibroblasts (13) , because the RAW264.7 cells do not respond to physiologically relevant concentrations (expected from local secretion) of TNF-a, indicating that LPS signaling does not rely on the TNF-a autocrine loop in macrophages. Instead, the rationale for the delayed TRIF signal is to represent the intracellular trafficking of TLR4 and its subsequent endosomal signaling (36, 37) . The variation of the LPS doses is reflected in the common multiplicative constant applied to the two components (see Fig. 4C , "LPS dose"). We also added IkBe (and all the cytoplasmic and nuclear molecular species that contain it) to moderate the oscillatory tendency promoted by IkBa. The induced synthesis of IkBe is introduced with an explicit time delay t 2 (50 min) (8, 9) . The increase in the abundance of RelA that was observed late for high doses of LPS is included as a term that depends on both the concentration of free nuclear NF-kB (with the time delay t 2 ) and the magnitude of previous IKK activity (with the time delay t 3 ). Because we do not understand the factors responsible for this newly discovered feedback, we hypothesized a situation in which a gene encoding a transcription factor X is induced by a strong early IKK activity, X cooperates with NF-kB at regulatory elements of Rela to activate its transcription, and then the RelA protein is synthesized with the time delay t 2 . This way, we minimized the number of new variables and unknown parameters. Tables S1 and S2 describe all of the processes that are represented in the model and the reference values for the corresponding kinetic parameters. All of the values are from our previous model (7), except for the LPS-and macrophage-specific modifications noted. The modified or newly introduced values were estimated arbitrarily so that the LPS response profiles were qualitatively similar to those observed by imaging. The absence of the RelA positive feedback for Fig. 4 was implemented by setting s rel = 0. The variability in the time series seen within each plot in Fig. 4B was generated by varying the relative strengths of key negative feedback parameters (s, neg) with multiplicative constants: 1 / 2 , 1, 2. These are the two parameters previously identified to have the largest effect on temporal profiles (7). For Fig. 4C , the values of s and neg were fixed at 1 / 2 of the reference values, and s rel was varied 1 / 2 -, 1-, and 2-fold from the reference value to assess the effect of varying the strength of the positive feedback. The use of other values for s and neg did not change the pattern over the range of LPS doses, but reduced the absolute range of RelA nuclear occupancy. Computational simulations of hysteresis were performed as follows. First, we fixed the parameter set that best matched the observed single-cell time-lapse data. Ten values for LPS doses were sampled in the log scale between 1 and 100% of the maximal dose. For part "b" of the hysteresis curve, the first stimulation with the maximal LPS dose was simulated for 8 hours followed by a reset to zero signal (corresponding to wash), and the second stimulation with one of the lower dose values for another 8 hours. Part "a" of the hysteresis curve was similarly computed by simulating the first stimulation with a lowest dose (1% of maximal) for 8 hours, followed by a reset to zero signal, and the second stimulation with one of the higher dose values for another 8 hours. These simulations were implemented by two successive runs of "dde23" in MATLAB with the solution of the first run provided as the history for the second run.
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